In this paper, we propose to apply the technique of spatial filtering to the concept of interferometric coronography. In such a system, provided that the object under study is not resolved by the individual apertures of the interferometric array, the beams can be considered as coherent or, more exactly, single mode. Spatial filtering allows hence to clean the beams from imperfections generated by defects on the optical components of the interferometer and thus to obtain very high rejection rates in the destructive output of the interferometer (coronographic output) for an on-axis star. Numerical simulations show that the very stringent constraints on the optical quality of a space infrared interferometer aimed at detecting extra-solar planets can be relaxed to values achievable with current technology. In particular, we show that the difficulties induced by dust scattering, small micro meteorite impacts on the primary mirror, and high frequency ripples of polishing residuals can be eliminated by a simple pinhole spatial filtering. The effects, however, will be less dramatic on large scale defects such as coating defects and pointing errors of the telescopes. 
Introduction
Several observational programs in modern astrophysics require high angular resolution imaging and, at the same time, high or very high dynamic range. This is for instance the case for the detection of circumstellar material around bright stars such as ß Pic 1 , or the detection of very low luminosity objects orbiting nearby stars such as Gl 229 2 . To achieve such performances, astronomers usually use a focal plane coronograph, often associated to a pupil plane Lyot stop, a concept directly adapted from the solar coronographic technique. Indeed, such "stellar" coronographs can achieve very impressive results, e.g., the detection of the companion of a bright star at a distance of 10 Airy radii and with a 10 5 contrast ratio 3 . This technique can also be used to reduce light scattering by the telescope itself 4 .
The quest for direct observations of the planetary systems around other stars is even more challenging: an Earth-like planet orbiting a Solar-type star at 1 AU (Astronomical Unit) would lie at an angular separation of 0.1" from the star, assuming a typical distance of 10 parsecs. At visible wavelengths, it would be detectable by the reflected light from the star with a contrast ratio between the star and the planet of at least 10 9 . The combination of such a high contrast with the narrow angular separation leads to extremely demanding instrumental requirements, at the limit of current technology 5 . In the infrared, the flux from the planet is dominated by its thermal emission and the contrast with respect to the star is reduced to 10 7 . This more favorable ratio has lead several groups to propose dedicated instruments in the infrared for the detection and the characterization of Earth-like planets 6, 7, 8, 9, 10 . At a wavelength of 10 µm however, the thermal background is so intense that this kind of observation is not possible from the ground but only in space. Also, the required angular resolution points to an interferometer with baselines of several tens of meters.
The combination of an interferometer and a coronograph can be achieved through the technique of "nulling interferometry" 6 . Such a system however suffers from the traditional limitations of the rejection rate in a classical coronograph, in particular because of the quality of its optical components (mainly diffusion due to residual optical defects and scattering by dust). In this paper, we show that the rejection rate of a nulling interferometer can be seriously improved (or the accuracy of the optical system can be relaxed) by spatial filtering of the Airy disc created in the image plane of the telescopes of the array. Our demonstration is performed by numerical simulation.
We first recall the principles of the nulling interferometer and of spatial filtering. Then, we describe the numerical simulations. Finally, we discuss the results of the simulations and the efficiency of the filtering device.
Principles of the nulling interferometer
A nulling interferometer is an array of phase shifted telescopes recombined so that the final flux from an object in the pointed direction is cancelled: to describe the principle, let us consider a simple configuration with two identical telescopes pointed in the direction of a star and observing at wavelength λ. By cancelling the optical path difference, and combining the beams of the telescopes, we obtain a fringe pattern with a bright fringe in the direction of the star. We call transmission map, the map of the detected intensity after recombination versus angular position. Suppose now that the star has a small companion (star or planet). If the length of the baseline is such that the external geometrical path difference introduced between the two arms in the angular direction of the companion equals λ/2, the first black fringe in the transmission map corresponds to the angular direction of the nearby object. We now introduce a π phase shift (additional path difference of λ/2) in only one arm of the interferometer: the wave fronts from the star are destructively recombined (path difference equals λ/2) while the wave fronts from the companion are constructively recombined (path difference now equals λ, or phase shift equals 2π). In other words, the transmission pattern is shifted by half its period: the direction of the target star now corresponds to a black fringe (no transmission of the interferometer) while the direction of the companion corresponds to a bright fringe (full transmission). As a consequence, the flux from the on-axis star is blocked, while the flux from the 5 companion goes through. This represents the combination of an interferometer with a coronograph e.g. an "interferometric coronograph". The principle described above can be extended to multi-telescope configurations provided the phase shift added to each telescope is adapted to the total number of telescopes in the array 11 . The key point for such interferometers is a high rejection of the star flux. The efficiency of this rejection is quantified by the rejection rate ρ: ρ = I max / I min where I max is the intensity in the constructive recombination (bright zone in the transmission pattern), and I min is the intensity in the destructive recombination (dark zone in the transmission pattern).
One generally uses the visibility V to describe the contrast of the fringe pattern:
The rejection rate concept is used to qualify the defects of an interferometer. When illuminated by a perfect monochromatic and coherent plane wave, an ideal interferometer has an infinite rejection rate.
In a real space interferometer (i.e. no additional phase shift due to the atmospheric turbulence is added) the principal factors limiting the rejection rate are:
-the defects (mainly figuring, polishing, coating defects and dust) of the optical components of the instrument, -the individual pointing errors of the telescopes of the array,
-the pointing errors of the interferometer as a whole (modification of the external path difference),
-the fluctuations in the path difference cancellation (modification of the internal path difference). 6 Léger et al. 9 pointed out that achieving a 10 5 rejection rate for a fourtelescope configuration (DARWIN mission project) leads to very stringent constraints:
-the polishing defects and path difference errors should be kept smaller than λ ir /2000 rms at 10 µm, i.e. λ vis /100 rms.
-the pointing errors should remain within 1/80 th of the Airy disc size in the visible.
These conditions are very difficult to satisfy, and even if individually achievable, would lead to an expensive realization.
Two points however should be emphasized:
-If the source has a simple structure and is compact (i.e. resolved by the interferometer but not by the individual apertures), the information included in the point spread function (PSF) of each telescope is not relevant. The telescopes of the array are only used to sample the wave front coming from the source and one can assume a perfect coherence of the wave front over each aperture.
-The defects, destroying the amplitude cancellation of the beams, are pupil defects.
The scale of such defects is therefore smaller than the pupil, and their optical spectrum expand to frequencies higher than the cut-off frequency of the pupil itself.
This leads us to propose to discriminate the contribution of the defects from that of the source by spatially filtering the PSFs of the individual telescopes before the recombination.
Principles of spatial filtering
We now assume that each telescope of the interferometric array works in the single-mode regime, i.e. it does not angularly resolve the source. In addition, we always assume the array is in space and we never consider any additional turbulence phase shift introduced by turbulence. The recombination of the beams from the various telescopes leads to an estimation of the spectrum of the source at the corresponding spatial frequencies. In order for this method to be efficient, every wave 7 front sample at the recombination plane must be as similar as possible to what it was when reaching the pupil. In practice, the telescopes (wave front sampling), the delay lines (path difference cancellation) and the beamsplitter (recombination) suffer from many optical and mechanical defects. These defects lead to deformations of the wave front samples and disturb the recombination figure. To reduce the loss of information, one may eliminate the defects by careful optical figuring or, as described here, by minimizing their final effects by spatially cleaning the wave fronts.
Each defect modifies the point spread function of the ideal pupil. The PSF is obtained in the focal plane of a telescope illuminated by a point source at infinity. In the case of a perfect circular pupil F, the PSF is an Airy pattern.
where f is the complex transmission of the pupil in coherent light. Suppose that a small-scale defect G is added to the pupil function. The linearity of the Fourier transform leads to the superposition of the effects, i.e. PSF(F+G)
The defect G is included inside the pupil, so its spatial scale is small. As a consequence, its contribution to the total PSF will be diluted over a large region of the focal plane.
Putting a mask with a hole centered on the central part of the Airy disk eliminates the most distorted part of the PSF. This spatial cleaning principle is well known in laser technologies to eliminate beam speckles. Figure 1 describes a possible concept for a two-telescope interferometer with a spatial filtering device (pinhole in an image plane).
The main drawback of this method in the case of a nulling interferometer is a loss in the overall transmission: assuming that the radius of the filtering hole equals the first zero of the Airy function, the loss is 16% of the incoming photons. A general discussion of the global efficiency of this operation is given later in this paper.
Modelization and numerical simulation of the spatial filtering
The numerical simulations described now were performed with a two-telescope configuration. The method can also be extended to multi-telescope arrays 11 . 8 Every telescope is a wave front sampler, described by its complex transmission T:
-t, the modulus of T, describes how in each point of the pupil, the wave front amplitude is transmitted by the device. Defects which affect t are called "amplitude defects". Here we will consider dust and reflective coating defects.
-φ, the phase of T, describes how the wave front phase is transmitted by the device.
Defects which affect φ are called "phase defects". We will consider here polishing defects and pointing errors.
Each pupil can be represented numerically by two matrices t and φ of dimensions [n, n] where n 2 is the number of sampling elements. The smallest scale of the simulated defects is D/n where D is the mirror diameter. In this paper, we consider an incoming plane wave front (point source at infinity) and we combine directly the transfer matrices to simulate interferences (summation for the constructive output of the beam-combiner, subtraction for the destructive output in our two telescopeconfiguration).
In practice, each pupil was sampled by two square 128x128 matrices in which a circular shape with a central obstruction was reproduced to create the mirror map.
An ideal pupil is obtained with t = 1 and φ = constant on the mirror (we arbitrarily chose φ = π/4 in the numerical simulation) and t = φ = 0 outside the mirror. Each couple of matrices simulates a 1m telescope with a 0.2 m secondary mirror. The smallest detail which can directly be simulated is therefore 6.5 mm wide. This scale may not seem adapted to the real extension of the defects (size of dust particles for instance), but the smaller the scale of the defect, the more efficient spatial filtering.
Results obtained with these scales can then be expected with smaller ones.
The mirror maps are contained in a 1024x1024 matrix. This allows us to oversample the Airy disk by a factor 8, providing an easier control of the spatial filtering. On the other hand, this does not allow us to use larger pupil sizes, in order to keep the computing times at a reasonable level.
Various defects were added to the ideal pupil described above:
-amplitude defects:
• dust defects are modelized by randomly choosing a series of pixels in the transmission map and setting the amplitude to 0. A dust particle is hence modelized by a hole of the transmission amplitude. As mentioned before, the equivalent size of such a dust grain would be about 6.5 mm. Such transmission holes could only be created by shocks in space with high speed micro-meteorites.
Presently, and after about 7 years in orbit, the Hubble Space Telescope (HST) does not suffer from such defects. The 1 to 2% level of dust present on the mirror is composed of small particles (a few microns). Our simulation can be considered as an upper limit case of dust defects and realistic for micro meteorite impacts smaller than 6.5 mm.
• coating defects are modelized by subtracting to the transmission amplitude map a gaussian which simulate the heterogeneity of the optical coating. A gaussian shape is well adapted because of the smooth borders of the defects (no step in the transmission). The amplitude of the gaussian varies from fractions to a few percents, while the extension and the position of the effects are randomly chosen.
We usually include one or two 20-80 pixel wide defects on each pupil.
-phase defects:
• polishing defects were modelized by adding a correlated noise to the phase map as described by Breckinridge et al 4 . The spectrum of the defects was however synthesized from the corrected HST phase map for the high frequencies (f -1.3 power law, for f > 0.1 cm -1 ), while the spectrum at low frequencies (f < 0.1cm -1 ) was assumed to be linear ( Figure 2 ). The most serious defects have a spatial extension of 10 cm which corresponds to the size of the polishing tools usually used for such mirrors. The low frequency defects are particularly important because it is their scale which governs the efficiency of the filtering. A linear law is not the perfect description, but it seems to be a reasonable estimating function of the spectrum when active optics (correction of slow mechanical and thermal deformation of the mirrors) is used. The frequency f = 0.1 cm -1 would then correspond to the distance between two actuators.
• pointing errors of individual telescopes correspond to a tilt of the wave front, e.g.
an additional phase shift. The value of the phase shift depends linearly on the algebraic distance from the point to the axis of the mirror tilt and is modellized by adding a linear phase ramp to the mirror phase map. The effect of a tilt defect is a translation of the diffraction pattern in the focal plane. We tried several values for the size of the filtering hole (see next section). Figure 4 shows the amplitude after recombination without ( Figure 4a ) and with pinhole filtering and flux equalization (Figure 4b ), in the case of two pupils with two 1% coating defects, λ/200 rms polishing defects and 1% of dust defects (no tilt). The scale ratio for amplitudes between the two figures is equal to 10 5 . The residual flux after recombinaison, due to optical component defects is very much reduced by spatial filtering.
Several remarks have to be made:
-In the case of amplitude defects (and in a less critical case, phase defects), an equalization of the intensity in each beam is performed before recombination. This operation must not modify the shape of the wave fronts. In the real interferometer, a device which would perform this operation in real time would have to do so with a relative precision of at least 10 -3 of the intensity of the beams. This would then allow a 10 6 rejection rate.
-In the case of random defects (dust, coating and phase defects), the results of recombination depend highly on the spatial correlation of the defects on the two pupils: this is particularly true in the case of extended defects because they are not well filtered. A global observation of the defects distribution and a careful relative orientation of optical pieces could in principle lower the effects. This remark is valid only if the optical components have a symmetry axis and can be oriented. During our numerical experiments, we did not try to perform such adjustments of the mirrors, and orientated them randomly.
Results and Comments
Computations were performed on a HP 700 workstation under UNIX with IDL software. Figure 5 (a, b, c, d) shows the results of the numerical experiments for dust, coating, polishing and pointing defects separately, without then with spatial filtering.
Each point of a graph was computed as the mean of 10 numerical experiments. The fits are logarithmic regressions of the numerical experimental points.
On Figure 5a (dust), the rejection rate increase is very important (4 orders of magnitudes). A 10 6 rejection rate seems reachable with typical values of 1% of dust.
As a consequence, usual pre-launch cleaning operations are sufficient, and the interferometer should not suffer too much from the space dust.
In the case of coating defects (Figure 5b ), the gain is small because the defects have a large spatial extension. As mentioned before, the influence of coating imperfections can be lowered by a judicious orientation of the mirrors after the coating operation. In any case, 0.5% coating heterogeneities allow to reach a high rejection without any filtering.
Polishing defects (Figure 5c ) are well corrected by spatial filtering. In addition, the spectrum that we have used for the defects gives a more important weight to low frequencies. The use of active mirrors (typically 50 actuators / mirror) should lower the influence of this kind of defects, because the relative weight of the much better filtered high frequencies is increased.
As mentioned before, the pointing errors (Figure 5d) 
Conclusions
In this paper, we have described how a simple operation of spatial filtering can dramatically increase the rejection rate of a nulling interferometer, at a moderate cost in terms of overall transmission of the system by cleaning the wave fronts before recombination. In order to be efficient a pinhole spatial filtering must be performed on small scale defects compared to the size of the beam to be cleaned (typically, polishing and small reflective layer defects). It clearly appears that such a method should be developed as a key point during the pre-studies of space IR interferometric missions for the detection of extra-solar planets. This method allows to strongly reduce the technical constraints and cost of the system, and as a consequence, to increase the sensitivity and the field of research of this kind of instruments. A laboratory demonstration of this principle by an experimental set-up is under way, and should allow to validate this concept. This method can also be implemented on groud-based instruments: in this case, the phase shift distribution introduced by atmospheric turbulence must be controled by adaptive optics to avoid coupling loss with the filtering device and the supplementary optical path difference induced by this turbulence must be cancelled by a real-time servo system 14 . However, this later control cannot be achieved to fulfill the requirements of a nulling interferometer with a 10 6 rejection rate. spread in the black fringe is mainly due to the wave front asymmetry caused by defects on optical components. In this case, the bright speckles in the recombination pattern are due to the hole in the wave front caused by dust. 
